Introduction
The combustion chemistry of alcohols remains an interesting research topic [1, 2] .
Especially, the larger alcohols, e.g., butanols and pentanols, recently received a lot of attention in the combustion community because their physical-chemical properties make them attractive as alternative fuels [2] [3] [4] [5] [6] . But given the fact that alcohols are likely to enter the fuel market mainly as additive to conventional petroleum-based fuels, it is important to understand the combustion chemistry in flames of hydrocarbon/alcohol blends. To this end, we have performed an experimental and modeling study of the combustion chemistry in flames fueled by blends of 1,3-butadiene (CH 2 CHCHCH 2 ) with i-butanol [(CH 3 ) 2 CHCH 2 OH]. These components are interesting choices because 1,3-butadiene represents a small linear hydrocarbon fuel with C=C double bonds; it has been used widely in many flame studies as a model compound for di-enes and especially the readily formation of the C 4 H 5 radicals makes it an interesting fuel for studying their importance on the aromatics formation (see Ref. [7] for a summary). i-Butanol has interesting properties that make it an attractive additive to or replacement for petroleum-based hydrocarbon fuels, for example, it has a higher energy density and a higher cetane number than the commonly considered ethanol [2] .
In this work, we report new experimental data in the form of partially isomer-resolved species mole fraction profiles in low-pressure premixed flames fueled by three different 1,3-butadiene/i-butanol mixtures and performed modeling calculations to provide insights into the effect of alcohol addition to the species pool and the formation of benzene. This work is a continuation of our earlier work, in which we have studied the effect of n-butanol (CH 3 CH 2 CH 2 CH 2 OH), an isomer of i-butanol, on the formation of the "first aromatic ring", i.e., benzene, in a 1,3-butadiene flame [8] . It was found that benzene formation is proportional to the amount of 1,3-butadiene in the fuel mixture. This observation was traced back to the efficient formation of the precursor molecules propargyl (C 3 H 3 ) and i-C 4 H 5 from 1,3-butadiene while none of the commonly considered benzene precursors (C 3 H 3 , C 3 H 5 , or i-C 4 H 5 ) are effectively formed during n-butanol oxidation.
We have now substantially updated the previously used model [8] and simultaneously extended it to include the high-temperature oxidation chemistry of i-butanol. Updates include the implementation of the fulvene chemistry, which is expected to be important in benzene formation processes [9, 10] , and of the enol chemistry, which can be important in the oxidation processes of alcohols [11, 12] . The improved capabilities of the updated model were tested against the newly determined chemical structures of the 1,3-butadiene/i-butanol flames; a reaction path analysis provides detailed insights into the combustion chemistry of such mixture flames.
Experimental Procedures
The detailed conditions of the three premixed low-pressure flames studied in this work are given in Table 1 . The flames were stabilized with a constant C/O ratio of 0.5 on a watercooled stainless steel McKenna burner at a pressure of 30 Torr. Although the constant C/O ratio leads to slightly different flame stoichiometries, the conditions were chosen to allow for a simpler comparison to the previously published complementary 1,3-butadiene/n-butanol mixture flames [8] . The fuel composition changes from 75% 1,3-butadiene (Flame 1), to 50% (Flame 2), and 25% (Flame 3). The gas flows were measured with calibrated flow meters. The flow of ibutanol was measured with a syringe pump, before it was vaporized and added quantitatively to the gas stream. Fuel equivalence ratio / stoichiometry
The chemical structures of these flames were investigated by flame-sampling molecularbeam mass spectrometry. Details of the set-up have been described previously [13] [14] [15] and only a short description is provided in the next paragraphs. We used a quartz probe with an opening of Flame components were identified based on the mass-to-charge (m/z) ratio and photoionization efficiency (PIE) curves, as outlined previously [13] [14] [15] 17] , and subsequently mass spectra were recorded as function of distance from the burner surface at fifteen different photon energies in order to provide the most reliable isomer-resolved mole fraction profiles. The position of the burner assembly with regards to the fixed quartz probe was adjusted with a computer controlled stepper motor and the accuracy is assumed to be within ±0.5 mm. Data analysis procedures are described in Ref. [18] . Mass discrimination factors were determined from cold-gas measurements of calibrated gas mixtures, the photon flux was measured with a calibrated photodiode, and the photoionization cross section were taken from the USTC-based data base [19] .
A detailed description of the expected uncertainties is provided in Ref. [15] . In short, we expect the mole fraction profiles of the major species to be within ±20% and somewhat larger for 
Combustion Chemistry Modeling
For this study, a sub-model describing the oxidation of i-butanol was added to the DLR reaction mechanism which was recently used to model the oxidation of 1,3-butadiene/n-butanol blends [8] . It is based on earlier work on propene [22] and cyclopentene [23] low-pressure flames and includes soot precursors and aromatics [24] [25] [26] . The i-butanol oxidation sub-model was gathered from Sarathy et al. [2] . Furthermore, the fulvene chemistry was added as described in Ref. [27] . In total, 70 species and 273 reactions were newly incorporated. The updated chemical-kinetic reaction mechanism consists of 286 species and 1396 elementary reactions. The mechanism (including thermos and transport data) is available in the Supplementary Material.
Computer simulations of the isobaric burner-stabilized flames were performed with the open-source software Cantera [28] using the experimental temperature profiles (without any shifts). In addition, initial mass flow rates and composition of the educts as well as the burner's diameter served as further input data. For the simulations, the multi-component diffusion model and thermo-diffusion were considered. For the involved species, transport data were taken from
Ref. [29] and thermodynamical data from Ref. [30] .
Results and Discussion

Global Chemical Flame Structures
To provide an overview of the global chemical flame structures and to assess the model's predictive capabilities, we begin the discussion presenting experimental and modeled mole fraction profiles of the major species (H 2 , H 2 O, CO, O 2 , Ar, CO 2 , 1,3-C 4 H 6 , i-C 4 H 9 OH). As shown exemplarily in Fig. 1 for Flame 2, the agreement is very good between the experimental and modeled main species mole fraction profiles. Similar levels of agreement are also achieved for the other two flames. For i-butanol, the rate of consumption appears to be slightly overpredicted. However, considering the measurement uncertainties close to the burner surface due to probe perturbation and large gradients in the temperature profiles, the updated mechanism is capable of predicting the global features of the 1,3-butadiene/i-butanol mixtures flames. A more detailed analysis of the fuel consumption pathways is provided in Fig. 3 for the flames studied here. For 1,3-butadiene and i-butanol, the net rate of production was calculated for a distance from the burner where the molecules are 50% depleted. Reactions with H and OH radicals were found to be the most important initiating reactions for both fuels (Fig. 3 ), while reactions with O atoms are of minor importance, especially for the i-butanol consumption. 1,3-Butadiene is readily converted to C 2 -C 4 species at the onset of the fuel's oxidation, confirming our simplified sketch (Fig. 2) . (Fig. 3) , thus off-setting the oxidation route starting at C 2 H 6 . Additionally, the experimental trend in the peak positions for both C 2 H 2 and C 2 H 4 is reproduced by the model calculations. Interestingly, Flame 3, the flame with the largest alcohol content in the fuel mixture, stands off the furthest from the burner surface, indicating differences in the flame speeds of the single fuel components. To summarize: The model is capable of accurately predicting the experimentally measured species profiles for a variety of C 1 -C 4 and oxygenated species, thus providing detailed insights into the underlying chemistry in these mixture flames. Such a specific description of the base chemistry is a prerequisite to investigate the formation of benzene and its precursors, which will be discussed next.
Fuel Consumptions and Intermediate Species Pools
Formation of Benzene and its Precursors
The involvement of C 3 and C 4 radicals, i.e. propargyl (C 3 H 3 ), allyl (C 3 H 5 ), and C 4 H 5, in the formation of benzene has been discussed [33] . Following the simplified scheme in Fig. 2 , it is expected that these precursors are present in different concentrations in the three mixture flames.
The comparison between the experimentally determined and predicted species profiles is depicted in Fig. 7 . For propargyl a clear trend was observed: With a decreasing 1,3-C 4 H 6 /i-butanol ratio less C 3 H 3 is produced, because less i-C 4 H 5 reacts with H to form C 3 H 3 +CH 3 [34] . This trend and the measured propargyl concentrations are very well predicted.
For allyl, the dependence of its concentration on the fuel composition is less pronounced, showing even similar peak concentrations in the experimental data. A likely explanation for this observation is the enhanced production of C 3 H 6 (see Fig. 5 ) in i-butanol combustion. In contrast, the above discussed trend for C 3 H 3 is based on the formation of C 4 H 5 and C 3 H 3 in the chemistry of the 1,3-butadiene component. Concerning C 4 H 5 radicals, it is obvious that its concentration depends largely on the 1,3-butadiene content in the fuel mixture. Position, shape, and relative trends are reproduced by the model calculations; however, predicted species profiles are higher by one order of magnitude. A similar deviation was also observed in the 1,3-butadiene/n-butanol study [8] . It should be kept in mind that (i) the experimental detection might be hampered by probe effects and the lifetimes of the respective cation and that (ii) the model predicts concentrations of C 4 H 4 (a likely consumption product of C 4 H 5 ) within the experimental uncertainties. Similar to the earlier work [8] , it is seen that the concentration of benzene is not correlated to the stoichiometry of the flames. While the differences between the observed peak concentrations of benzene in Flames 2 and 3 compared to the equivalent 1,3-butadiene/n-butanol flames from Ref. [8] are not significant, we observe larger benzene levels in the 1,3-butadiene/i-butanol (25%/75%) flame compared with the 1,3-butadiene/n-butanol (25%/75%) flame. This difference is caused by the different chemistry of the alcohol components, specifically the enhanced tendency to form C 3 intermediates in i-butanol compared to n-butanol flames. This fact was also observed in the work of Oßwald et al. [32] , who also measured larger benzene concentrations in i-butanol compared to n-butanol flames.
More detailed insights into benzene formation are revealed by reaction flux analyses as summarized in Fig. 9 . They reveal that in all three flames benzene is formed via H-assisted isomerization from a linear and the fulvene C 6 H 6 isomers. Further contributions arise from Note that the benzene concentration was found to be affected by the particular rate coefficient of the H-assisted benzene-fulvene isomerization. The fulvene chemistry, shown earlier to affect the benzene formation [10, 27, 31] , was newly implemented in the model.
According to the flux analyses, fulvene is almost exclusively formed through the propargyl recombination and the C 4 H 5 +C 2 H 2 reactions and consumed mostly by the rearrangement to benzene. The identification of H-initiated isomerization reactions between three C 6 H 6 molecules (benzene, fulvene, and a C 6 H 6 linear structure) reveals the need to study in more detail the chemistry of the linear C 6 H 6 isomer, which was already suggested by Scherer et al. [35] to play an important role.
Summary and Conclusions
The chemical structure of three low-pressure premixed flames fueled by mixtures of 1,3-butadiene/i-butanol of various ratios were analyzed experimentally using flame-sampling molecular-beam mass spectrometry and numerically using a newly updated detailed chemistry 
